In eukaryotic cells, the primary cation responsible for the electrochemical gradient across membranes is Na ϩ , to which most symporters are coupled. In certain Na ϩ symporters, H ϩ and Li ϩ can substitute for Na ϩ ; examples are the human Na ϩ /nucleoside cotransporter (CNT3) (1) and the human Na ϩ /glucose cotransporter (SGLT) (2). In bacterial membranes, the electrochemical gradient is built by H ϩ , and H ϩ / solute cotransporters are most common. Bacterial melibiose permease (MelB) 2 exhibits a unique property that couples sugar transport with Na ϩ , Li ϩ , or H ϩ and selects the cation depending on the transported sugar structure (3). The multiple coupling feature of this group of transporters yields a useful tool to study the mechanism of cation/sugar symport.
In eukaryotic cells, the primary cation responsible for the electrochemical gradient across membranes is Na ϩ , to which most symporters are coupled. In certain Na ϩ symporters, H ϩ and Li ϩ can substitute for Na ϩ ; examples are the human Na ϩ /nucleoside cotransporter (CNT3) (1) and the human Na ϩ /glucose cotransporter (SGLT) (2) . In bacterial membranes, the electrochemical gradient is built by H ϩ , and H ϩ / solute cotransporters are most common. Bacterial melibiose permease (MelB) 2 exhibits a unique property that couples sugar transport with Na ϩ , Li ϩ , or H ϩ and selects the cation depending on the transported sugar structure (3) . The multiple coupling feature of this group of transporters yields a useful tool to study the mechanism of cation/sugar symport.
Bacterial MelB belongs to the glycoside/pentoside/hexuronide:cation family (4), a subgroup of the major facilitator superfamilies of membrane transport proteins, where the lactose permease (LacY) is the best characterized member (5, 6) . MelB of Escherichia coli (MelB-EC) is the best characterized member among all MelB orthologues (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . MelB-EC catalyzes the coupled stoichiometric symport of a galactoside with a cation (Na ϩ , Li ϩ , or H ϩ ) utilizing the free energy from the downhill translocation of one cosubstrate to catalyze the translocation of the other (3, (17) (18) (19) (20) , and all three cations compete for a common binding pocket (21) (22) (23) .
The primary sequence alignment between MelB-EC and LacY is relatively poor with ϳ37% sequence similarity and ϳ15% identity; however, membrane topology studies of MelB (24 -26) suggested a topology similar to LacY, with 12 transmembrane helices and cytoplasmically located N and C termini. A three-dimensional structure model of MelB was recently built by threading analysis (27) , using a crystal structure (PDB ID 1PV6) of LacY (28, 29) as the template. The model suggested a similar overall fold between these two permeases; i.e. MelB is organized in two-helix bundles connected with a central loop and separated by an internal cavity facing the cytoplasmic side. From bioinformatics data, this overall fold seems conserved among MelB orthologues (27) . Moreover, this model is consistent with numerous previous biochemical/biophysical data (14, 30 -37) , as well as low-resolution EM structures obtained from MelB-EC (38, 39) .
Diverse cation selectivity was identified in MelB orthologues (40) . Although it shares high sequence identity with MelB-EC, MelB of Klebsiella pneumoniae couples melibiose transport only to H ϩ and Li ϩ , but not to Na ϩ (32, 41) . MelB of Salmonella typhimurium (MelB-ST) was also reported to catalyze coupled galactoside transport to Na ϩ or Li ϩ , but not to H ϩ (42) . In this study, MelB-ST was cloned and heteroexpressed in E. coli. Our results indicate that MelB-ST shares similar cosubstrate specificities with MelB-EC, albeit with relatively lower affinities. Moreover, MelB-EC seems to yield a wide range of conformers in the presence of cosubstrate, * This work was supported, in whole or in part, by National Institutes of Health Grants R21HL087895 and R01GM095538 (to L. G. whereas the conformation distribution of MelB-ST ternary complexes is relatively homogeneous. Bacterial Strains-S. typhimurium LT2 strain (43), obtained from Dr. Tomofuse Tsuchiya (Okayama University, Japan), was used for cloning the MelB-ST. E. coli DW2 strain (melA ϩ , ⌬melB, ⌬lacZY), obtained from Gérard Leblanc, was used for the expression and functional characterization. E. coli XL1 Blue and DH 5␣ strains were applied for DNA cloning and plasmid amplification.
EXPERIMENTAL PROCEDURES
Cloning of MelB from S. typhimurium-Chromosomal DNA from S. typhimurium LT2 was used for the PCR template. The forward primer corresponds to a sequence encoding a fragment of Lys 77 -Ala 86 , which contains a unique restriction site, NcoI, and the reverse primer complements 3Ј-terminus of melB gene excluding its stop codon. The PCR product was used as template for further PCR amplification to create variations in the C terminus of MelB. A DNA fragment encoding a His 10 tag followed by a stop codon and a unique restriction site SacI was generated by PCR reaction. An expression plasmid pK95 ⌬AH/wild-type MelB His 6 tag, a gift from Gerard Leblanc, was treated with NcoI and SacI and ligated with these DNA fragments digested by the same restriction enzymes. The final construct, pK95 ⌬AH/L5M MelB-ST/CHis 10 that encodes the full-length MelB-ST with Met in the position of Leu Growth of Cells and Protein Expression-E. coli DW2 strain containing a given plasmid was grown in Luria-Bertani (LB) broth supplemented with 100 mg/liter ampicillin at 37°C. The overnight cultures were diluted 20-fold in the same broth supplemented with 0.5% glycerol, shaking for 5 h at 30°C. Cells were harvested and washed with 100 mM potassium P i , pH 7.5, by centrifugation.
Preparation of Right-side-out (RSO) Membrane Vesicles-RSO membrane vesicles were prepared from E. coli DW2 strain without or with a given plasmid by osmotic lysis as described (44, 45) , extensively washed with Na ϩ -free buffer, resuspended in 100 mM potassium P i (pH 7.5) at a protein concentration of about 20 -30 mg/ml, frozen in liquid N 2 , and stored at Ϫ80°C until use.
Transport Assays in Intact Cells-E. coli DW2 cells expressing MelB in 15 ml of LB broth supplemented with 0.5% glycerol were diluted and washed with 50 ml of 100 mM potassium P i , pH 7.5, for four times to decrease Na ϩ contamination to a calculated concentration Ͻ0.05 M. The cell pellets were resuspended with 100 mM potassium P i , pH 7.5, 10 mM MgSO 4 , adjusted to an A 420 of 10.0 (0.7 mg protein/ml), and aliquoted with 50 l. Transport was initiated by adding 2 l of [ 3 H]melibiose with a specific activity of 10 mCi/mmol at a final concentration of 0.4 mM in the absence or presence of either 20 mM NaCl or 20 mM LiCl and stopped at a given incubation time by diluting 60-fold with quenching buffer (100 mM potassium P i , pH 5.5, 100 mM KCl, and 10 mM MgSO 4 ), fast filtrating using one GF75 glass fiber filter (Advantec, Japan), and washing with the same quenching buffer (46 Melibiose Efflux and Exchange-RSO membrane vesicles containing MelB-ST in 100 mM potassium P i , pH 7.5, 10 mM MgSO 4 were concentrated to ϳ30 mg/ml and pre-equilibrated overnight on ice with 20 mM [ 3 H]melibiose (10 mCi/ mmol), 0.75 M monensin, and 10 M carbonylcyanide mchlorophenylhydrazone (20) , without or with 20 mM NaCl or LiCl. Aliquots (2 l) were diluted 200-fold into a given buffer in the absence (efflux) or presence (exchange) of 20 mM unlabeled melibiose (48) , and reactions were terminated by dilution and rapid filtration at a given time.
Trp 3 Dansyl FRET-Fluorescence was measured with either Hitachi F-7000 or SLM-8100/DMX fluorescence spectrophotometers. Steady-state measurements were performed in a 3-mm quartz cuvette with RSO membrane vesicles containing a given MelB at a protein concentration of 0.5 mg/ml in 100 mM potassium P i , pH 7.5, 10 mM MgSO 4 . Trp was excited at 290 nm and recorded between 300 and 570 nm at 1-nm intervals with slit widths of 2.5 mm for both excitation and emission. Trp 3 dansyl FRET was assayed by mixing RSO vesicles with fluorescent sugar D 2 G and displaced by the addition of excess melibiose, as described previously (10 
G FRET-RSO vesicles containing MelB in the absence of Na ϩ and Li ϩ were excited at 290 nm, and FRET emissions of D 2 G at 10 M were traced at 500 nm. At a 30-s interval, NaCl or LiCl was added stepwise until no change was reached. The increase of fluorescence intensity was plotted as a function of cation concentration, and K 0.5 was determined by fitting with the hyperbola equation.
RESULTS
contains ␣-galactosidase that hydrolyzes the incoming ␣-anomer melibiose to galactose and glucose. As a result, the external melibiose concentration remains higher than the inside during melibiose transport (37) . In DW2 intact cells, the heterologously expressed MelB-ST catalyzes melibiose downhill transport in a nominally Na ϩ -and Li ϩ -free condition (i.e. in the presence of H ϩ ) and the presence of Na ϩ or Li ϩ simulated melibiose transport by 2-3-fold (Fig. 1A) . Similar results were obtained with MelB-EC (Fig. 1B) , and Li ϩ , inhibition of melibiose uptake was observed upon the addition of valinomycin alone or valinomycin with nigericin, whereas no detectable effect was observed by adding nigericin only (Fig. 2) . Thus, in the absence and presence of Na ϩ or Li ϩ , the major driving force for melibiose uptake at pH 7.5 is ⌬⌿. These results are consistent with the well established notion that Na ϩ or Li ϩ gradient in RSO vesicles is maintained by ⌬⌿ through the Na ϩ /H ϩ antiporter (NhaA) (40, 42, 49, 50 (Fig. 3A, panel I) retaining Ͻ20% of internal melibiose at 3 min (data not plotted). Pretreatment of RSO vesicles with the water-soluble thiol reactive agent MIANS largely reduced the efflux rate (Fig. 3A, panel I) , with Ͼ60% retained at 4 min (data not plotted). In purified MelB-ST, the alkylation of Cys residues by MIANS was protected by excess melibiose. 3 Thus, it is likely that most of the outwardly flowed [ 3 H]melibiose, which was detected in the efflux experiment, is mediated by MelB-ST proteins. Furthermore, the addition of external 200 mM Na ϩ reduced the efflux rate (Fig. 3A, panel II When the dilution buffer included an equimolar concentration of unlabeled melibiose (20 mM), melibiose exchange exhibited a rate slightly faster rate than efflux (Fig. 3A, panel I) . It is striking that the melibiose exchange was reduced by external Li ϩ but stimulated by external Na ϩ (Fig. 3A, panel III (Fig. 3B, panel I ). Furthermore, [ 3 H]melibiose outward flow was largely stimulated by diluting into a Na ϩ -free buffer (20/0 mM), and a reduced rate was found with a higher external Na ϩ concentration (20/200 mM) (Fig. 3B, panel II) . Conversely, exchange rate was little affected by varying the external Na ϩ concentration (Fig. 3B, panel III) .
Melibiose Efflux and Exchange with RSO Vesicles Preloaded with Li
ϩ -Similar experiments were performed with Li ϩ . When establishing equimolar concentrations on both sides of membrane, Li ϩ yielded an opposite effect on efflux and exchange, stimulating efflux and inhibiting exchange (Fig. 3C,  panel I) . Furthermore, the increase of outside Li ϩ concentration yielded little effect on the exchange rate; however, the outward flowing rate of melibiose was largely stimulated in the presence of an outwardly directed Li ϩ gradient (Fig. 3C, 
panel III). Finally, external Li
ϩ inhibited efflux at a pattern similar to the Na ϩ effect; i.e. both external Na ϩ and external Li ϩ significantly decreased the efflux rate in a concentrationdependent manner (Fig. 3B, panel II, and 3C, panel II) .
FRET Measurement-D 2 G is a fluorescent substrate for both MelB-EC and LacY (10, 51, 52). FRET from Trp residues to the dansyl moiety of the bound D 2 G has been established with reconstituted purified MelB-EC or membrane vesicles (10, 53 ). In the current study, D 2 G was applied to measure cosubstrate bindings in MelB-ST and to probe conformation of MelB-cosubstrate ternary complexes. RSO vesicles from E. coli DW2 containing MelB-ST in the absence of Na ϩ and Li ϩ , i.e. in the presence of H ϩ , were excited at 290 nm (Fig. 4 , top panel, H ϩ , black curve), yielding a typical Trp emission for membrane proteins with a max of 330 nm (data not shown); D 2 G, which was added to the solution, was excited by the Trp emission, yielding a broad emission between 410 and 570 nm with a max of ϳ500 nm (red curve). The addition of excess melibiose decreased the dansyl fluorescence intensity (cyan curve); the further addition of melibiose yields no further effect (magenta curve). Little or no change in fluorescence emission is observed upon the addition of the same volume of water, 20% dimethyl sulfoxide (DMSO, used to dissolve the D 2 G), or the same concentration of non-substrates glucose and sucrose (data not shown). Furthermore, RSO vesicles prepared from E. coli DW2 without MelB were applied as controls. An emission spectrum of D 2 G with a max of 525 nm was detected (Fig. 4, bottom panel, red) , which was not affected by the addition of melibiose, Na ϩ , or Li ϩ , and the emission intensity was similar to the magenta curves from DW2 containing MelB (Fig. 4, top and middle panels) . These data indicate that the total D 2 G FRET signal (red curves) observed in MelB-ST is contributed from more than one source, and in the absence of Na ϩ and Li ϩ , ϳ27% displaceable FRET signal by melibiose resulted from the bound D 2 G in MelB-ST. Cation Activation on FRET-Similar experiments were carried out as described above, with the addition of Na ϩ or Li ϩ prior to the displacement of bound D 2 G. A 3-fold increase in dansyl emission by Na ϩ (Fig. 4 , top panel, Na ϩ , green curve) was observed in MelB-ST. The further addition of Na ϩ (blue curve) yields no additional change; additions of excess melibiose decreased the emission (cyan and magenta curves). In the presence of H ϩ and Na ϩ , all curves obtained from melibiose displacement are overlaid well, and thus, not only represent the background level of FRET but also indicate that bound D 2 G was fully displaced by melibiose. When applying Li ϩ instead of Na ϩ , a 6-fold higher stimulation in D 2 G fluorescence was observed (Fig. 4 , top panel, Li ϩ ), whereas little or no effect was observed with rubidium or cesium cation (Fig. 4 , top panel, Rb ϩ and Cs ϩ ). Consistent with the melibiose transport results, H ϩ , Na ϩ , and Li ϩ are coupled cations in MelB-ST. The same measurements were performed with RSO vesicles containing MelB-EC. As described (10), a larger and broader emission between 420 and 570 nm (Fig. 4, (Fig. 4 , between magenta and red or blue curves). With MelB-ST, bound D 2 G spectra with a max ϳ500 nm were observed in the presence of H ϩ , Na ϩ , or Li ϩ (Fig. 5A) . In MelB-EC, the emission yielded two unresolved peaks, with max values of ϳ455 and 500 nm in the presence of all three cations (Fig. 5C) . Furthermore, Na ϩ -and Li ϩ -dependent FRET were calculated by FEBRUARY 25, 2011 • VOLUME 286 • NUMBER 8
MelB-ST
subtracting the H ϩ -coupled emission (Fig. 5, B and D) . Interestingly, Na ϩ induced a blue shift in addition to a large increase in emission.
Sugar Affinities-With RSO vesicles, diff FRET of D 2 G was measured in the presence of saturated Na ϩ or Li ϩ , and apparent binding constants ( app K d values) for D 2 G were determined by the hyperbolic fitting (Fig. 6) .
app K d values for D 2 G in MelB-ST are 10.35 or 7.29 M in the presence of Na ϩ or Li ϩ , respectively, which are 3-or 5-fold higher than those of MelB-EC, respectively (Table 1) . A similar affinity for D 2 G was determined with purified MelB-ST. 4 On a time trace, melibiose displacement of D 2 G FRET was measured with RSO vesicles containing MelB-ST. In the presence of Na ϩ or Li ϩ , an EC 50 value was determined of ϳ2 mM (Fig. 7) (Fig. 9) . Therefore, no 
DISCUSSION
In the absence of Na ϩ or Li ϩ (i.e. in the presence of H ϩ ), the heterologously expressed MelB-ST can bind melibiose and catalyze melibiose uphill or downhill transport, efflux, and equilibrium exchange (Figs. 1-4 and Table 1 ). The presence of Na ϩ or Li ϩ stimulates uphill/downhill melibiose transport and efflux. Similar to other electrogenic symporters such as LacY (54) , the accumulation of melibiose by MelB-ST is coupled to ⌬⌿ at pH 7.5 (Fig. 3) (Fig. 9) . Binding affinities for D 2 G and melibiose, as well as activation constants for Na ϩ and Li ϩ , were also determined in RSO vesicles with MelB-EC and exhibit similar values to those determined with reconstituted purified protein (10) . Thus, when compared with MelB-EC, MelB-ST has 2-fold lower affinity for melibiose and 6-fold lower activation constants for Na ϩ or Li ϩ (Table 1) . Melibiose-driven uptake of Na ϩ , Li ϩ , or H ϩ was detected with MelB-EC (55) in intact cells as well as in reconstituted vesicles (13, 14) ; however, melibiose-driven uptake of Na ϩ or Li ϩ , but not H ϩ , was reported in S. typhimurium containing MelB-ST (42, 43) . It is unlikely that sugar binding and melibiose transport in MelB-ST without adding Na ϩ or Li ϩ (Figs. 1,  A and C, 3A , and 5A) are due to contamination because the residual Na ϩ concentration, which was calculated to be Ͻ0.05 M, is far below the activation concentration (ϳ1 mM). Therefore, these results clearly demonstrate that MelB-ST couples melibiose transport to H ϩ , as well as Na ϩ or Li ϩ , although there is a preference for the latter two cations.
Based on crystal structures (PDB ID 3DH4 and 2XQ2) at two different conformations (56, 62) and computational analyses (57, 62) of Vibrio parahaemolyticus SglT (vSglT), a revised kinetic model for the Na ϩ /galactose symport of vSgIT suggests that the cytoplasmic release of the Na ϩ precedes that of the sugar. In MelB-ST, the melibiose exchange rate is faster than efflux when coupled to H ϩ and Na ϩ (Fig. 3, A, panel I , and 3B, panel I), although the difference is small when compared with LacY (48, 58) . In MelB-EC, the stoichiometry for Na ϩ :melibiose symport during efflux was determined with a ratio of 1:1 (59 Fig. 3B, panel II) . Conceivably, a higher extracellular Na ϩ may slow Na ϩ release during efflux, whereas the opposite effect on exchange may be due to an increase in sugar binding affinity. Taken together, these results are consistent with current kinetic models proposed for MelB-EC (14, 27) and LacY (6, 60) , where dissociation of the cation during sugar efflux is the rate-limiting step, and sugar is released prior to the cation. Although a high-resolution x-ray crystal structure of MelB is not available yet, a proposed three-dimensional model for MelB (27) indicates an overall fold similar to LacY (PDB ID 1PV7, 1PV6, 2V8N, 2CFP, and 2CFQ) (28, 29, 61) but different from vSglT (56) . Cosubstrates are located in a single internal cavity in MelB and LacY but positioned in two connected pockets in vSglT.
Although Li ϩ stimulates efflux and an outwardly directed Li ϩ gradient increases exchange, in the absence of melibiose or Li ϩ gradients, the release of melibiose from the ternary complex is inhibited (Fig. 3C, panel I) . It is noteworthy that inhibition is specific for Li ϩ , but not Na ϩ (Fig. 3B, panel III) . Similar results were also observed with MelB-EC (20, 59) . It is interesting that Li ϩ does not inhibit methyl-␤-D-thiogalactoside exchange (59) . Although the mechanism of inhibition is not clear, Li ϩ does not inactivate MelB. Rather, it is possible that the ternary complex favors an occluded state in which there is no exchange between free and bound sugars.
The fluorescent sugar D 2 G is a good tool for measuring cosubstrate binding. D 2 G is now used to explore the conformation distribution of MelB-cosubstrate complexes. In MelB-EC, broad emission spectra exhibited by bound D 2 G probably implies a wide range of conformers with at least two major populations contributing to the emissions at 455 and 500 nm. MelB-ST and MelB-EC exhibit 85% sequence identity with eight Trp residues that are aligned well. In MelB-ST, however, the bound D 2 G emission spectra in the presence of all three coupling cations are symmetrical. Thus, the conformation distribution of MelB-ST ternary complexes might be relatively homogeneous in the membrane.
